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Negative regulation of Wingless/Wnt signaling plays
an important role in embryonic patterning and is also
needed for tumor suppression in adult tissues. New
findings in Drosophila reveal a novel mechanism for
down-regulating the activity of the Wingless/Wnt
pathway.
The Wingless (Wg) pathway in Drosophila, and the
closely related Wnt pathway in vertebrates, play
important patterning roles in many different develop-
mental contexts, and in adult tissues dysregulation of
the pathway can contribute to tumorigenesis. It should
be no surprise, then, that the pathway is subject to
complex controls. The serine/threonine kinase glyco-
gen synthase kinase 3β (GSKβ), also known as Zw3
(referred to as such below), has been thought to play
a central role in negative control of the Wg pathway
(reviewed in [1]). Zw3 is known to phosphorylate β
catenin — Armadillo (Arm) in flies — targeting it for
degradation and keeping the cellular pool of Arm low
[2,3]. Wg signaling acts to stabilize Arm, allowing it to
enter the nucleus where it binds the transcription
factor TCF and activates expression of Wg target
genes (reviewed in [4]). 
A critical question for understanding Wg signal
transduction is how the ligand–receptor interaction
promotes stable accumulation of Arm and subsequent
target gene expression. Zw3 binds to Axin and APC,
two scaffolding proteins also required for negative
regulation of Wg signalling, forming the so-called
‘destruction’ complex [5,6]. The simplest model
assumes that Wg binding to its receptor inactivates
the destruction complex, and prevents Zw3 from
phosphorylating Arm. But findings reported recently
by Tolwinski et al. [7] suggest that the critical regula-
tory event in Wg signaling may not involve Zw3 at all.
In Drosophila embryos, Wg signaling generates a
segmental pattern of hook-like denticles covering the
anterior half of each segment, with an expanse of
naked cuticle covering the posterior half (Figure 1A).
Reducing Wg activity eliminates naked cuticle from
the pattern, resulting in a ‘lawn of denticles’. Hyperac-
tivating Wg signaling, by overexpressing Wg or delet-
ing a negative regulator, produces an excess of naked
cuticle at the expense of denticles (reviewed in [8]). In
zw3 mutant embryos, this excess naked cuticle phe-
notype correlates with accumulation of abnormally
high levels of Arm [9]. 
Tolwinski et al. [7] found that reducing, but not
eliminating, Arm function in zw3 mutant embryos can
suppress the naked cuticle phenotype and produce a
surprisingly normal segmental pattern. This pattern
requires Wg activity, because the triply mutant arm
zw3; wg embryos display a lawn of denticles similar to
that of wg single mutants. Thus, even in the absence
of Zw3, Wg signaling is capable of producing a pat-
terned response in the epidermal cells. Apparently this
is accomplished by regulating the reduced levels of
Arm produced from the hypomorphic alleles used in
this study. 
One interpretation of these results is that Zw3 has a
non-specific role in mopping up cytoplasmic Arm.
Zw3 may act constitutively to keep Arm levels low,
providing a sensitized cellular environment so that
small increases in Arm stabilized by Wg signaling can
control transcriptional events. When Zw3 is removed
mutationally, the resulting flood of cellular Arm
swamps out these more subtle regulated fluxes. Using
a mutant form of Arm tempers this flood and allows
detection of the events regulated by Wg signaling.
One should note, however, that these events are
detected at the level of the final output of pathway
activity: the cuticle pattern. No segmental differences
in Arm levels can be detected in the arm zw3 double
mutant: they are uniformly high, as they are in zw3
single mutants. The lack of detectable ‘striping’ in the
Armadillo protein distribution, which in a wild-type
embryo coincides with the Wg-secreting stripes of
cells, suggests that Arm stability alone may not
explain the cell-fate decisions.
As mentioned above, Zw3 interacts physically with
Axin, which binds to Arm and APC as well as
Dishevelled (Dsh), a critical positive regulator of
pathway activity [10,11]. Because of the association
with Dsh, it had been assumed that this large complex
is central to regulation of the Wg pathway. As
described above, one component of the complex,
Zw3, appears to function in an unregulated part of the
process. Thus the question becomes which part, if
any, of the destruction complex is regulated to
produce transcriptionally relevant Arm fluxes. Tolwin-
ski et al. [7] provide evidence that Axin stability is reg-
ulated by Wg signaling, and that this may be the
controlling factor in pathway activation.
Endogenous Axin levels appear to be regulated in
response to Wg: embryos overexpressing Wg uni-
formly show greatly reduced Axin levels compared to
wild-type embryos. This suggests that Wg signaling
triggers Axin degradation. One would predict, then,
that Axin protein should show striping in the embryo,
with stabilized protein accumulating in a pattern oppo-
site to that of the Wg and Arm stripes. Unfortunately,
Axin antibody staining can only detect such stripes in
embryos overexpressing transgenic Axin. Although this
ectopic overexpression creates an artificial cellular
situation, it does provide a window on Wg response in
epidermal cells. Striping is not apparent in wg mutants,
nor when Wg is uniformly overexpressed.
When the uniformly expressed axin transgene is
crossed into arm zw3 double mutants, it yields Axin
striping similar to that observed in wild-type embryos.
This is consistent with the cell-fate specification
reflected in the cuticle pattern. So even though the
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absence of Zw3 results in uniformly high levels of Arm,
the levels of Axin still faithfully reflect normal Wg
signaling and may be the agent responsible for trans-
ducing the patterning information. Either Axin pro-
motes subtle differences in Arm stability that are
sufficient to direct cell-fate decisions, or some other
aspect of the Arm protein is modified to produce the
regulated response.
In either case, these results suggest that Wg
signaling hinges on down-regulation of Axin, perhaps
through degradation, and that this process is
completely independent of Zw3 function. This is good
news for the Wnt field, as Axin is the only intracellular
component found to make direct contact with the
cytoplasmic face of the receptor complex. Mao et al.
[12] have shown that mouse Axin interacts with mouse
LRP5, an LDL receptor-related protein which, together
with a transmembrane protein of the Frizzled (Fz)
class, forms the receptor for Wnt ligand.
Tolwinski et al. [7] found that fly Axin binds via its car-
boxyl terminus to Arrow, the fly ortholog of LRP5. They
went on to show that the amino-terminal half of Axin
interferes with the interaction of the carboxyl terminus
with both Arrow and Armadillo. Thus there may be
some self-association within the Axin molecule which
regulates its participation in Wg signal transduction. As
expected, arrow mutant Drosophila embryos show
uniform high levels of Axin, indicating that Arrow func-
tion is required for Wg-mediated degradation of Axin.
Moreover, the Wg-responsive pattern in arm zw3
double mutants is dependent on Arrow function. Thus
the interaction between Arrow and Axin may be the
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Figure 1. Consequences of the Wingless signaling pathway.
(A) Wg (blue) is secreted from a single row of cells in each segment and spreads over many cell diameters. The cellular response to
Wg involves down-regulating Axin protein levels (red) and up-regulating Armadillo protein levels (green). Aberrant conditions that
result in pathway inactivation show loss of Arm accumulation and uniform high levels of Axin (left panel) and conversely, conditions
that hyperactivate the pathway show loss of Axin accumulation and uniform high levels of Arm (right panel). (B) A schematic
diagram indicating how Dsh may be required for the cycling of Axin to the plasma membrane where it can be bound and degraded
by the activated form of Arrow. In the absence of Wg signaling (left panel) destruction complexes with and without Zw3
constitutively target Arm for degradation. In the presence of Wg signaling (right panel) Arrow and Fz2 are brought together into an
active receptor complex which can bind Axin as it cycles to the membrane. This degrades the cytosolic pool of Axin and allows
accumulation of Arm, which can translocate to the nucleus and provide an activation domain for the TCF transcription complex.
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means by which Wg signal is transduced from
activated receptor complex to altered Arm protein and
subsequent target gene expression.
Wg has been shown to bind to the extracellular
domain of Fz class receptors, with particularly high
affinity for Fz2, but it does not detectably interact
with Arrow [13]. This raises the question of how Wg
binding to Fz might influence Arrow to transduce a
signal to Axin. Tolwinski et al. [7] present evidence
that clustering of Fz and Arrow may be an important
step in this process. A chimeric molecule in which the
intracellular portion of Arrow is fused to the cytoplas-
mic carboxyl terminus of Fz2 induces ligand-inde-
pendent pathway activation. Expressing this chimeric
construct rescues naked cuticle specification in a wg
mutant, as well as in embryos mutant for the Fz
receptors or for Arrow. Embryos expressing the
chimeric construct show reduced levels of Axin, indi-
cating that it is sufficient to destabilize Axin. As artifi-
cially linking Arrow to Fz mimics the effects of
Wg-triggered activation, Wg binding to Fz may simply
cause Fz to associate with Arrow in the plane of the
membrane. The proximity of the cytoplasmic domains
may then influence the Axin–Arrow interaction to
promote Axin degradation.
Although Dsh is known to be absolutely required for
the receptor complex to initiate the intracellular
cascade, its role in Wg signal transduction remains
somewhat mysterious. The activity of the Arrow–Fz2
chimeric molecule requires Dsh function, indicating
that the connection between receptor complex and
Axin degradation is not independent of Dsh. Recent
observations [14] using a GFP-tagged form of Axin
suggest that Dsh might be essential for a constitutive
cycling of the destruction complex, including Axin,
from the cytoplasm to the plasma membrane. This
allows us to construct a new model for how Wg sig-
naling triggers Arm stabilization (Figure 1B). In the
absence of Wg signaling, Dsh is continuously cycling
the destruction complex from cytoplasm to plasma
membrane and Axin is continuously degrading Arm. In
cells that receive Wg signal, the Arrow–Fz2 receptor
complex assembles, allowing Arrow to bind the Axin
complex as Dsh brings it to the membrane. The acti-
vated form of Arrow degrades Axin, breaking it down
and disrupting the destruction complex so that Arm,
or some modified subpopulation of Arm, can now
stably accumulate in the nucleus.
It is striking that modest activation of Wg target
gene expression is sufficient to pattern the epidermis.
Segmental denticle belts alternating with naked
cuticle are observed in wg axin double mutants [7],
just as has been observed for the wg dTCF double
mutant [15], where removing the repressor function of
TCF reveals an underlying ‘pre-pattern’ of cell fates.
These results suggest that a critical aspect of pattern-
ing is to limit excessive Wg signaling, which would re-
direct denticle-producing cells into the naked cuticle
cell fate. This might account for the presence of two
distinct mechanisms for down-regulating pathway
activity, one involving Zw3 and one independent of it,
that are required to produce the normal segmental
pattern in the fly embryo.
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